Objectives. SLC2A9 gene variants associate with serum uric acid in white populations, but little is known about African American populations. Since SLC2A9 is a transporter, gene variants may be expected to associate more closely with the fractional excretion of urate, a measure of renal tubular transport, than with serum uric acid, which is influenced by production and extrarenal clearance.
Introduction
Uric acid is largely excreted by the kidneys as humans lack a uricase enzyme. Elevated levels of uric acid can lead to painful kidney stones and gout, but most persons with hyperuricaemia are asymptomatic. Of great concern, increased uric acid levels are associated with obesity, hypertension, dyslipidaemia, insulin resistance, cardiovascular disease and chronic kidney disease [17] . While dietary factors (purines and alcohol) and medications (diuretics) are important causes of hyperuricaemia, genetic factors also influence uric acid metabolism [8] .
Polymorphisms in the SLC2A9 gene, which encodes a renal tubular transporter of uric acid, have been identified as affecting serum uric acid levels and risk of gout in white populations [916] . An association of SLC2A9 gene variants with the fractional excretion of urate has also been described [9] . The SLC2A9 transporter has an isoform expressed in apical membrane and another isoform expressed in the basolateral membrane of renal proximal tubules [17] . This transporter exchanges uric acid with glucose and fructose for net reabsorption of uric acid [9] . The mechanism of hyperuricaemia associated with variants in SLC2A9 is thought to be mediated by increased expression of the apical isoform leading to increased reabsorption [17] , although rare variants can also cause hypouricaemia [18] . The SLC2A9 singlenucleotide polymorphism (SNP) that is most significantly associated with serum uric acid in whites (rs16890979) is also associated with serum uric acid in African Americans [13] . Besides this single SNP, the association between SLC2A9 gene variants and serum uric acid in African Americans is unknown.
To gain insights into the biology and clinical relevance of the SLC2A9 transporter, we assessed whether SNPs that have been associated with serum uric acid levels were also associated with the fractional excretion of urate (FEU) (a measure of uric acid tubular reabsorption) or the urine urate-to-creatinine ratio (UUCR) (a measure of uric acid production) phenotypes. We hypothesized that SLC2A9 transporter variants would have a stronger association with the FEU phenotype than the serum uric acid or UUCR phenotypes since gene variants affect uric acid via tubular transport not production. We further compared SNPs in the SLC2A9 gene between African Americans and white subjects to characterize race differences in the within-gene loci that associate with serum uric acid levels. Finally, we evaluated gene-by-environment interactions to determine whether SLC2A9 gene variants interact with risk factors for hyperuricaemia that are enriched in hypertensive populations.
Methods

Subjects
The GENOA (Genetic Epidemiology Network of Arteriopathy) cohorts recruited non-Hispanic African American and white participants from two centres between 1996 and 2000 [19] . In Jackson, MS, USA, residents with essential hypertension were identified through the Atherosclerosis Risk in Communities cohort, a general population sample of 45-to 64-year-old non-Hispanic African American residents. In Rochester, MN, USA, the Rochester Epidemiology Project [20] was used to identify non-Hispanic white residents of the Olmsted County general population with a diagnosis of essential hypertension before the age of 60 years. Probands with evident secondary hypertension or advanced chronic kidney disease (serum creatinine >2.0 mg/dl) were not recruited at either site. The hypertensive proband and all siblings were invited to participate if at least one other sibling had essential hypertension. Between 2000 and 2004, 2721 (79%) of the 3434 original GENOA participants (1482 African Americans and 1239 whites) returned for a second clinic visit. All subjects provided consent in accordance with the Declaration of Helsinki and all protocols were approved by the Mayo Clinic and University of Mississippi Medical Center Institutional Review Boards.
Phenotype and covariate measurements
The study visit for both the GENOA cohorts included a blood draw, a spot urine sample, a limited physical exam and an administered survey. Based on a literature review, clinical characteristics (covariates) that associate with hyperuricaemia were identified from a survey, exam findings or laboratory testing at the study visit. This included age, sex, race, diagnosed hypertension, systolic blood pressure, diastolic blood pressure, use of anti-hypertensive therapy, diuretic use, diabetes, history of coronary disease, physical activity, BMI, waist circumference, hip circumference, alcohol intake >30 oz/month, ever smoker, fibrinogen, homocysteine, CRP, total cholesterol, HDL-cholesterol, triglycerides, lipoprotein A, serum creatinine, urine albumin to creatinine ratio; and use of daily aspirin, statins, anti-gout medications, losartan, fenofibrate and warfarin. Use of anti-gout medications was defined as the use of allopurinol, colchicine or probenecid in the last month.
Serum uric acid was measured with a standard uricase enzymatic assay on a Hitachi 911 Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN, USA) [21] . Urine urate and creatinine were measured by standard methods on the same Hitachi 911 Chemistry Analyzer. FEU was calculated by (urine urate Â serum creatinine) divided by (serum uric acid Â urine creatinine) and urine UUCR was calculated from urine urate divided by urine creatinine.
Genotyping
In the white cohort, subjects were genotyped primarily on the Affymetrix SNP Array 6.0. Samples that failed on the Affymetrix SNP Array 6.0 were run again on the Illumina 660W and Illumina 1M-Duo platforms. Genotype data were merged, and imputed using 60 unrelated CEU samples from HapMap Phase 2 using MACH version 1.01 [22] . A total of 2 543 887 autosomal SNPs were imputed. From those, 419 SNPs were within 5 kb from the 5 0 -and 3 0 -ends of the SLC2A9 gene. Fourteen SNPs were removed from the analysis: eight because the minor allele frequency was <0.01 and six because the imputed R 2 was <0.6. No SNPs were removed due to deviation from the HardyWeinberg equilibrium. Thus, for the analysis, 405 SNPs were used. Findings were similarly limited to the 114 SNPs genotyped from the Affymetrix 6.0 platform (data not shown).
In the African American cohort, subjects were genotyped primarily on the Affymetrix SNP Array 6.0. Samples that failed on the Affymetrix SNP Array 6.0 were run again on the Illumina 1M-Duo platform. Genotypes were imputed using the merged Affymetrix 6.0 and Illumina 1M-Duo genotypes and 60 unrelated Yoruba people of Ibadan, Nigeria (YRI) samples from HapMap Phase 2 using MACH version 1.01 [22] . A total of 2 852 184 autosomal SNPs were imputed. From those, 426 SNPs were within 5 kb from the 5 0 -and 3 0 -ends of the SLC2A9 gene. Six SNPs were removed from the analysis: three because the minor allele frequency was <0.01 and three because the imputed R 2 was <0.6. None of the SNPs were removed due to deviation from the HardyWeinberg equilibrium. Thus, for the analysis, 420 SNPs were used. Findings were similarly limited to the 113 SNPs genotyped from the Affymetrix 6.0 platform or using HapMap imputed genotypes from 45 YRI and 15 CEU samples (data not shown).
Statistical analysis
Subjects on anti-gout medications were excluded since these medications and likely dietary interventions were being used to lower serum uric acid levels. We performed linear mixed-effect regression to account for pedigree structure (R multic package) in modelling of the t-rank transformed phenotypes [23] . A gene-level Bonferroni corrected P-value of <0.01 was considered to be statistically significant. Analyses were stratified on race and were either agesex adjusted or fully adjusted. Covariates in fully adjusted models were parsimoniously chosen using backwards stepwise selection based on the model fit (R 2 ) for the prediction of serum uric acid in the combined African American and white cohorts. These same covariate adjustments were also used in models for the FEU and UUCR phenotypes. For each SNP, the frequency of the allele associated with higher serum uric acid levels was reported instead of the minor allele frequency. Haploview V4.1 estimated blocks of the linkage disequilibrium pattern were compared between the two race groups [24] . To assess gene-by-environment interactions, each covariate was considered in a model that contained age, sex, SNP, covariate and a covariate-by-SNP interaction term.
Results
Serum uric acid levels were measured in 1468 African Americans and 1238 white subjects who were not on anti-gout medications. Analyses were based on the 1155 African American and 1132 white subjects with SNP information available. Of these, 1154 African American and 1034 white subjects also had urine urate levels. Table 1 describes the phenotypes and other characteristics in these two cohorts.
The final covariates included in the fully adjusted models were age, sex, BMI, diuretic use, homocysteine level and triglycerides. After adjusting for these covariates, there was no significant difference between African American and white subjects in the serum uric acid levels or FEU levels. The UUCR levels in African American subjects were on average 0.13 lower than in white subjects with these adjustments. These covariates explained 31.5% of the variation in serum uric acid levels in African Americans and 42.5% in whites. Addition of any one other characteristic in Table 1 only improved the explained variation by 41.4% and addition of all the other characteristics only improved it by 2.3% in African Americans and 3.7% in whites after adjusting for the number of variables in the model (R 2 adj.). Figure 1 shows the linkage disequilibrium map and multivariable-adjusted P-values for serum uric acid levels as predicted by 405 SNPs in the gene. The SLC2A9 gene had 24 haplotype blocks in African Americans and 10 haplotype blocks in whites. In the SLC2A9 gene, there were 53 SNPs in African Americans and 63 SNPs in whites that associated with serum uric acid   FIG. 1 Statistical significance (Àlog 10 P-value) and linkage disequilibrium map (R 2 ) for the SLC2A9 SNPs in the GENOA African American (blue, +) and white (red, o) cohorts for the serum uric acid phenotype adjusted for age, sex, BMI, diuretic use, homocysteine and triglycerides. levels in the multivariable-adjusted analyses. The association between SNPs and each phenotype are shown in supplementary table 1 (available as supplementary data at Rheumatology Online) for the 40 SNPs that had a genome-wide Bonferroni-corrected fully adjusted P-value of <0.01 for serum uric acid levels in either race group. The statistical significance of SNP associations with serum uric acid levels increased markedly with multivariable adjustment, but allele effect sizes did not change substantially. The association between these SNPs and FEU was less statistically significant and had a weaker standardized (per S.D.) allele effect size than was seen with serum uric acid. None of the associations between these SNPs and the UUCR phenotype were statistically significant.
There were racial differences in the SNP alleles associated with serum uric acid levels (Fig. 2) . In 67 (88%) of the 76 SNPs with a P-value 40.001 for either white or African American subjects, white subjects had a higher frequency of the allele associated with increased serum uric acid levels than African American subjects. The standardized (per S.D.) allele effect sizes in the latter half of the gene were generally larger in white subjects compared with African American subjects. However, the six largest allele effect sizes were in African American subjects. The P-values were also more statistically significant in the latter half of the gene in white subjects compared with the African American subjects. In contrast, in the first half of the gene, statistically significant SNPs were present in African American subjects and not in white subjects (Fig. 1) . This finding was highlighted by racial difference in the statistical significance of five SNP haplotypes between the first half and second half of the gene (supplementary figure 1, available as supplementary data at Rheumatology Online).
The most statistically significant SNPs in African American subjects (rs13113918, Exon 5, synonymous) and white subjects (rs11723439, Intron 7) were in the   FIG. 2 The SLC2A9 gene comparing the position of statistically significant SNPs (fully adjusted P < 0.001 in either race group) to the increased serum uric acid allele frequency (A) and allele effect size (B) in the GENOA African American (blue, +) and white (red, o) cohorts.
www.rheumatology.oxfordjournals.org latter half of the gene and explained 2.7 and 2.8% of the variation in serum uric acid, respectively. After adjustment for this SNP, 0.9% of the variation in serum uric acid in African American subjects was explained by an SNP in the first half of the gene (rs1568318, intron 12, bp 9 480 639) (Fig. 3) . The allele associated with increased serum uric acid levels (T) for this SNP had a frequency of 0.642 and a standardized effect size of 0.146 (P = 8.4 Â 10 À5 ) in the fully adjusted model with further adjustment for rs13113918. This SNP was genotyped on the Affymetrics 6.0 platform and remained statistically significant with analysis limited to Affymetrics 6.0 data (P = 3.4 Â 10 À5 ) or with analysis using 45 YRI and 15 CUE samples to impute HapMap genotypes (P = 9.4 Â 10 À5 ). Gene-by-environment interactions with the two independent SNPs found in African American subjects and the most statistically significant SNP found in white subjects were assessed with the clinical characteristics in Table 1 . The Bonferroni corrected P-value required for these interactions to achieve statistical significance in African American subjects was P < 0.0009 (2 SNPS and 29 characteristics) and in white subjects was P < 0.0017 (1 SNP and 29 characteristics). None of the interactions in either race achieved these levels of statistical significance.
Discussion
This study of the SLC2A9 gene variants associated with uric acid phenotypes revealed several important findings. First, SNPs in the SLC2A9 gene that were strongly associated with serum uric acid levels had weaker associations with FEU and no evident association with UUCR. This was surprising as we expected the SLC2A9 transporter gene variants to have the strongest association with the FEU phenotype. Secondly, we provide novel data on the association of SLC2A9 gene variants with serum uric acid levels in African Americans as compared with whites. Thirdly, we found no evident gene-byenvironment interaction between SLC2A9 variants across multiple clinical characteristics associated with uric acid metabolism.
Serum uric acid levels reflect both the production and excretion of uric acid. The FEU and UUCR can be used to help distinguish between hyperuricaemia due to underexcretion (low FEU) and overproduction of uric acid (high UUCR). As expected, there was no evident association between a measure of uric acid production (UUCR) and SLC2A9 gene variants. Surprisingly, FEU had weaker standardized effect sizes with SLC2A9 gene variants   FIG. 3 The most statistically significant SNP in the SLC2A9 gene for the serum uric acid phenotype in GENOA African American subjects (blue, +, rs13113918) and white subjects (red, o, rs11723439) is labelled (A). After adjustment for this SNP, only African American subjects had a statistically significant SNP (rs1568318) as is labelled (B). Adjusting for this SNP revealed no further significant SNPs associated with this phenotype.
than did serum uric acid. Vitart et al. [9] found that the most significant SLC2A9 SNPs for serum uric acid in their study were also associated with a low FEU (<0.066). Only a subset of their study cohort had urine urate levels measured and the relative strength of association with serum uric acid and FEU phenotypes was not evaluated [9] . Since SLC2A9 is a renal tubular transporter, we expected its variants to have the strongest association with FEU. There may be extrarenal effects of the SLC2A9 transporter [25] . Expression of SLC2A9 mRNA has been shown to occur in the liver in addition to the kidney [26] . Further, choleretic agents (e.g. secretin) have been shown to affect serum uric acid levels and clearance of urate in the bile of cholecystomized patients [27] .
We observed clear differences between African American and white subjects in the localization, allele frequency and allele effect size on serum uric acid levels. The most statistically significant SNPs in both the African American and white subjects in this study were in the latter half of the SLC2A9 gene as previously reported by other investigators [913] . Dehghan et al. [13] reported the most significant SNP for serum uric acid to be rs16890979 in white populations. This SNP was the fourth most statistically significant in GENOA white subjects and was in strong linkage disequilibrium with the most statistically significant SNP in GENOA white subjects (R 2 = 0.74). This SNP was less statistically significant in GENOA African Americans and was in moderate linkage disequilibrium with the most statistically significant SNP in GENOA African Americans (R 2 = 0.23). We also found a novel independent locus within the first part of the SLC2A9 transporter gene that associated with serum uric acid levels in African American subjects but not in white subjects. Further studies are needed to determine whether this locus replicates in other populations of African ancestry. Recent investigations have identified an SNP (rs3733591) that associates with serum uric acid levels and gout in Asian populations, but has no reported association in white populations [28, 29] . This SNP showed no evident association with serum uric acid levels in either GENOA African American subjects (fully adjusted P = 0.56) or in GENOA white subjects (fully adjusted P = 0.76). This SNP was also not in linkage disequilibrium with rs13113918 (R 2 = 0.06) in white subjects or with rs11723439 (R 2 = 0.004) and rs1568318 (R 2 = 0.01) in African American subjects. Pronounced effect modification of SLC2A9 variants by sex has been previously reported [10, 13] . We only found the interaction term between the most significant SNP in the SLC2A9 gene and the subject's sex to be borderline statistically significant in white subjects (P = 0.011). This interaction was in the expected direction (a stronger association in women) and was more statistically significant in white subjects (P = 0.0014) when using the previously reported rs16890979 SNP [13] . This study thoroughly evaluated for evidence of effect modification by SLC2A9 on other clinical characteristics associated with hyperuricaemia. There was no clear evidence of any other gene-by-environment interactions. Other investigators have also reported absence of an interaction with obesity, alcohol intake and hypertension treatment [13] , but we also found no evident interaction with homocysteine, lipids, kidney function, coronary disease, physical activity, diabetes, smoking, inflammatory markers and other medications that affect uric acid levels (fenofibrate, aspirin and warfarin). Importantly, dietary purine intake (primarily animal protein) was not available for analysis but this factor primarily influences uric acid production.
In conclusion, our findings further characterize the genetic variants of the SLC2A9 gene that influence uric acid metabolism. The stronger association of SLC2A9 variants with the serum uric acid phenotype than the FEU phenotype suggests that the SLC2A9 transporter could contribute to extrarenal clearance of urates. A novel locus in the first part of the SLC2A9 gene affecting serum uric acid was present in African American but not white subjects. The lack of gene-by-environment interactions with SLC2A9 gene variants suggests that many of the known risk factors for hyperuricaemia are not part of pathways that involve the SLC2A9 transporter.
Rheumatology key messages
. SLC2A9 gene variants more strongly influence the serum uric acid than fraction excretion of urate. . SLC2A9 gene variants show two independent loci in African American individuals compared with one locus in white individuals. . Common risk factors for hyperuricaemia do not interact with the SLC2A9 gene.
